Nearly 25 years ago, one of us wrote a collaborative review entitled ªObesity and Diabetes, the Odd Coupleº [1] . At that time we pointed out that obesity was a risk factor for diabetes mellitus, despite the fact that most obese people do not have and never will develop diabetes. We also pointed out that obesity is associated with insulin resistance and hyperinsulinaemia, whereas in the non-obese, diabetes is characterized by hypoinsulinaemia and hyperglycaemia. We asked, how is it that such different syndromes interact so closely? We concluded that while these two syndromes are likely to have independent risk factors and mechanisms, their known interactions made it likely that shared metabolic defects are involved in their pathogenesis. We concluded that further studies into the pathophysiology of these syndromes were needed to explain this apparently paradoxical association.
Nearly 25 years ago, one of us wrote a collaborative review entitled ªObesity and Diabetes, the Odd Coupleº [1] . At that time we pointed out that obesity was a risk factor for diabetes mellitus, despite the fact that most obese people do not have and never will develop diabetes. We also pointed out that obesity is associated with insulin resistance and hyperinsulinaemia, whereas in the non-obese, diabetes is characterized by hypoinsulinaemia and hyperglycaemia. We asked, how is it that such different syndromes interact so closely? We concluded that while these two syndromes are likely to have independent risk factors and mechanisms, their known interactions made it likely that shared metabolic defects are involved in their pathogenesis. We concluded that further studies into the pathophysiology of these syndromes were needed to explain this apparently paradoxical association.
In the intervening years, considerable advance has been made into the pathophysiology of both syndromes. First, it is now clear that hyperglycaemia in Type II (non-insulin-dependent) diabetes is not the result of a regulatory failure, but is an adaptive response to impaired beta-cell function and insulin resistance, and we have reviewed this extensively [2] . More recently, obesity has similarly been shown to result from a dysregulation of food intake and energy expenditure rather than a loss of control over food intake [3±5] . In either case the critical variable (blood glucose or body adiposity) is defended at an abnormal level due to a regulatory defect, and both hyperglycaemia and obesity have undesirable long-term metabolic and vascular complications. What is now apparent is that there is overlap among the hormones, neuropeptides, and receptors involved in these two disorders, and it is our belief that it is this sharing which plays a prominent role in their association.
In this article, we review our present understanding of the major elements of the feedback loops for body weight regulation in order to provide a comprehensive framework within which to place a torrent of new studies. We focus primarily on recent data implicating insulin, leptin, and hypothalamic neuropeptides as major elements. In this process we point out where the energy balance and glucose regulating systems intersect and indicate where common signalling mechanisms participate in their association. We conclude by synthesizing this information into a model that can explain how a single underlying set of pathophysiological factors can lead first to obesity and subsequently to Type II diabetes.
There are eight key points about the energy balance system which we will develop:
1. Body weight (adiposity) is regulated by a classical negative feedback system involving the central nervous system (CNS). 2. The defended level of fuel stored in the form of adipose tissue is determined by the sum total of all of the genetic and environmental influences interacting on the system; therefore, there is no ªset pointº for adiposity which is ªhardwiredº. 3 . Afferent circulating signals originate from the endocrine pancreas, adipose tissue and the adrenal cortex, are hormones sensitive to energy balance, and regulate adipose tissue mass. They include insulin, leptin, and adrenal steroids. 4 . Each of the circulating adiposity signals is regulated by factors in addition to body fat stores. Thus, there is no primary system which determines fat store size, and there is no apparent essential minimum or maximum adipose mass which can be maintained. 5 . Afferent neural signals originate in the gut and liver in response to nutrients, are carried in the vagus, and regulate meal size, not adipose tissue mass. 6 . CNS systems integrate the afferent neural and circulating information by modulating the activity of neuronal efferent pathways that utilize amines (including serotonin and catecholamines) and neuropeptides (including neuropeptide Y (NPY), corticotrophin releasing hormone (CRH), a -melanocortin (a -MSH) ) and their receptors. 7. Effectors that determine energy balance include: a) food intake, largely by modifying meal size and b) energy expenditure in brown fat, liver, and muscle. 8. Obesity and cachexia are disorders of this regulatory system.
On the basis of this information, we hypothesize that obesity and Type II diabetes tend to occur together because carbohydrate metabolism and body weight regulation rely on common hormonal (insulin, leptin, adrenal steroids) and CNS (hypothalamic amine and neuropeptide) signalling systems.
Anatomy of the regulated system for body adiposity and energy balance
Our present model of body weight regulation is based on a negative feedback control system first proposed by Kennedy [6] in which the CNS plays a key role in determining food intake and energy expenditure in response to afferent signals which are generated in proportion to the size of the adipose tissue stores [5] . Some of these signals are produced by adipose tissue, but others are not. The three known adiposity-related signals, insulin, leptin, and adrenal steroids all circulate; and no afferent neural inputs appear to be involved in this primary feedback loop. The CNS outputs are total caloric intake over a period of days to weeks and the rate of energy expenditure (Fig. 1 ). In rodents, energy output can be influenced by sympathetic nervous system (SNS) control of facultative heat production in brown fat under the regulation of uncoupling protein-1 (UCP-1) [7, 8] . This molecule acts within mitochondria to uncouple oxidative phosphorylation such that fuel is oxidized to generate heat instead of ATP. In primates brown fat is largely limited to newborns. Until recently, it was believed that the only other way to regulate energy expenditure was through behavioural control of muscular exercise. However, the recent discovery of UCP-2 [9, 10] and UCP-3 [11] and their localization to other tissues such as muscle and liver in many species, including man, suggest that facultative energy expenditure may occur in all mammals. The net balance of caloric intake and energy expenditure over time determines the size of adipose tissue stores, which in turn strongly influences plasma concentrations of insulin and leptin. These hormones provide afferent input to the brain, thereby closing the feedback loop.
Superimposed on this primary feedback loop are short-term, meal-related signals to the CNS that modulate meal size, particularly by regulating the duration of individual meals. These signals come from afferent vagal fibers originating in the liver and gastrointestinal tract [12, 13] in association with peptide signals released from the gut [14] . Their influence on single meals (generally inhibitory, leading to meal termination) is integrated in the CNS with long-term body adiposity controllers so that single meal size varies according to the mass of the adipose tissue stores. This single meal system can be strongly influenced by learned behaviour and situational cues, resulting in great variability of single meal size. Despite this variability, there is great consistency in long-term caloric intake when measured over a period of days to weeks and this value matches average energy expenditure with remarkable precision in nor- . Similarly, while food preferences can play a major role in caloric selection during a single meal, they have a limited impact on the ultimate regulation of body adiposity. It is important to point out that two of the three long-term energy balance signals (insulin and adrenal steroids) are critical to the regulation of carbohydrate metabolism and blood glucose, and recent data show that the third (leptin) probably influences beta-cell function [18, 19] .
The operation of these feedback systems in man is evident in the clinic, and is easily demonstrated in the laboratory. A familiar clinical example is the outcome of the dietary reduction of body weight. Thus, behaviour modification [20, 21] and dietary programs [21±23] are often successful in achieving initial weight loss, but the high percentage of dieters who ultimately return to their baseline weight is impressive [22] , and support the concept that a body adiposity regulatory process is activated by weight loss. When laboratory rats are either food-restricted or overfed for a long period of time, and then allowed to feed freely after weight loss or gain has occurred, restoration of adiposity to that of a free-feeding control animal follows quickly with little or no overshoot [15, 24, 25] (Fig. 2) . Even when adipose tissue is surgically resected, fat tissue is replaced and restored to its original mass [26, 27] . There is evidence that changes in both food intake and energy expenditure contribute to this return of fat mass. It has also been shown that brain lesions which produce obesity by damage to the hypothalamic ventromedial nucleus (VMH) or leanness by damage to the lateral hypothalamic area (LH) [28] are still characterized by a regulated level of body weight (i. e. a tendency to return to the new elevated or lower weight when caloric excess or deficit is imposed and then free feeding is allowed), but at a level different from its original pre-lesion value. Thus, destruction of brain regions involved in energy balance does not cause regulatory failure, but a re-regulation of adiposity at a different level.
Insulin
Insulin was the first hormonal signal to be identified as a contributor to this regulatory process [3] . It was known for many years that insulin is secreted in proportion to adipose mass and that plasma levels change in response to excess and deficits of caloric intake [29] . Initially, there was resistance to the concept of insulin as a CNS regulator because of its inability to regulate glucose uptake in neural tissue. However, the discovery of high concentrations of insulin receptors on CNS neurons in areas important to food intake regulation in the hypothalamus of animals [30] and man [31] the finding that the hormone is present in cerebrospinal fluid (CSF) at concentrations proportional to circulating plasma levels [32, 33] suggested that circulating insulin enters the brain to regulate neuronal function independent of its ability to stimulate glucose uptake in peripheral tissues. Further studies of insulin action on neurons demonstrated pleotropic effects on ion flows [34], neurotransmitter uptake and release [35±39], cell growth, survival, and the transcriptional regulation of genes involved with differentiation [40, 41] . Tyrosine kinase activity of the CNS insulin receptor has been demonstrated [42] , and one of its important second messengers, insulin-receptor substrate-1 (IRS-1), is present in hypothalamic neurons in the same regions that insulin receptors are found [43] .
Entry of insulin into the CNS has been documented in many species [3, 44, 45] . Considerable evidence supports the concept of a specialized transport system facilitating its passage across the blood-brain barrier endothelium [44, 46, 47] . This transport has the characteristics of a saturable system with a K m value that is similar of that of the k d of the insulin receptor [48] . The uptake of insulin into CSF has been compared dynamically with that of inulin [44], a non-metabolizable marker of diffusion that is similar in molecular weight. When plasma insulin levels are clamped at an elevated value, the dynamic of insulin uptake is characterized by an initial time lag, followed by a continuous rise. This pattern of insulin uptake is characteristic of a solute that enters CSF after passing through an intermediate compartment that we have hypothesized to be brain interstitial fluid (ISF). This suggests that the route of CNS insulin uptake involves transport across the blood-brain barrier, diffusion throughout the neurophil ISF, and then entry into CSF. In contrast, when plasma inulin levels are clamped, CSF inulin rises rapidly and maximally at the beginning of a similar i. v. inulin infusion as would be expected for a direct transfer from plasma to CSF. . Fourth, blood-brain barrier transport of insulin is thought to be mediated by insulin receptors and subject to regulation [3] . We have shown that insulin uptake efficiency is reduced in the presence of adrenal steroid treatment of experimental animals [52] , and found inefficient CSF uptake of plasma insulin in the Zucker fatty rat (fa/fa) [53] . In this animal model, in which obesity results from an autosomal recessive mutation in the leptin receptor gene [54, 55] , reduced insulin uptake efficiency is associated with a reduction of capillary insulin binding which could explain the inappropriately reduced CSF insulin levels of the fa/fa rat [56] . It has been estimated that 80 % of CNS insulin uptake is mediated through this transport mechanism at physiological circulating insulin concentrations [48] . Support for the involvement of insulin receptors in the transport process is provided by studies showing that endothelial cells bind to and internalize (but do not degrade) insulin [46, 57] . Rather, they transport intact insulin via a mechanism that is blocked by insulin receptor antibody [58, 59] . Use of the insulin receptor for blood-brain barrier transport in vivo is supported by the demonstration that proinsulin, a molecule similar to insulin but with a much lower affinity for the insulin receptor, is transported much less efficiently into CSF than insulin [47] .
This blood-brain barrier insulin transport system is not necessarily the only mechanism by which circulating insulin has access to CNS neurons. For example, it is known that the circumventricular organs of the brain are supplied by a vasculature with a ªleakyº blood-brain barrier, and that plasma solutes can diffuse relatively freely into these areas [49] . One of these areas, the median eminence, is bordered by the medial basal hypothalamus, a region rich in binding sites for insulin on neurons implicated in the regulation of food intake, such as those in the arcuate nucleus [60]. Thus, it is possible that diffusion of insulin into the median eminence from plasma facilitates access of circulating insulin to insulin receptors expressed by neurons in the arcuate nucleus, a region of critical importance to energy homeostasis.
One test of the hypothesis that insulin provides feedback inhibition of food intake is to infuse insulin into brain ventricles of chronically cannulated animals. Such studies have been done in rats [61±63], sheep [64] , marmots [65] , and non-human primates [66] . In each case, there is a dose-dependent depression of food intake which is slowly progressive over time; that is, there is no immediate suppression of a single meal but rather a suppression of 24-h food intake. This effect requires several hours to become evident, and is maximal within 24-h to 7 days, depending on the dose and species studied. Similarly, the systemic infusion of insulin in rodents at small doses in which hypoglycaemia does not occur, or during a euglycaemic hyperinsulinaemic clamp in primates, causes a fall in food intake [67, 68] . This anorexic effect of insulin is specific in the sense that there is no reduction of drinking or change in other behaviours such as sodium appetite or general activity. We have found that this regimen does not cause a conditioned taste response as would occur with illness [69] . If rodents are food-restricted to reduce body weight below that usually achieved by such an insulin infusion, and then receive an intracerebroventricular (ICV) insulin infusion during ad libitum food intake, the animals increase their food intake to raise body weight to the same value observed in non-food-restricted animals treated with the same insulin infusion [70] . Thus, insulin does not simply reduce food intake and body adiposity; it changes the level of weight that the animal defends under a particular set of physiological conditions.
The effect of insulin in the CNS to reduce food intake and body adiposity supports the conclusion that insulin is a central catabolic hormone that promotes a state of negative energy balance. Studies from the laboratories of Rothwell and Stock [71] have suggested that there is a parallel mechanism to increase energy expenditure by activating brown fat thermogenesis regulated by CNS insulin. They had found that dietary intake induced a meal-related thermogenic response which was an important component of the weight response to changes in macronutrient composition in rats. Further, they showed that this response was strain-dependent and contributed to the large variability in the weight gain response to palatable and/or high fat diets [72] . This action is different from insulin's well-known anabolic effects in peripheral tissues. Therefore, during a period of positive en-ergy balance induced by overfeeding, the rise in plasma insulin promotes fat storage through its peripheral anabolic actions, but simultaneously influences CNS regulatory sites to suppress food intake, increase energy expenditure, and limit weight gain (Fig. 3) . We have postulated that an important function of the hyperinsulinaemia that accompanies an increase of adipose mass is to limit further weight gain under conditions in which excess food intake results from an environmental event such as the provision of large amounts of a calorically dense, high-fat diet [73] . Under these conditions, the expansion of adipose stores should increase CNS insulin delivery, and inhibit food intake. Conversely, during a state of negative energy balance due to reduced food intake, the peripheral anabolic action of insulin is reduced and alternate non-carbohydrate sources of fuel are mobilized to meet energy needs. Simultaneously, food intake and appetite would be stimulated by central insulin deficiency, thereby facilitating the eventual restoration of body adiposity. In insulin-deficient diabetes, the central effects of insulin can explain the well-described clinical concomitant, hyperphagia. Thus, in hypoinsulinaemic states, peripheral insulin deficiency contributes to the wasting of peripheral tissues and consequent weight loss, while CNS insulin deficiency promotes compensatory hyperphagia which facilitates weight recovery.
This hypothesis was tested by replacing insulin in the brain of rats with streptozotocin-induced diabetes [74] . Under these conditions, hyperphagia was reduced, but there was no amelioration of the hyperglycaemia or weight loss. Hence, the peripheral and central consequences of hypoinsulinaemia are both needed to explain the polyuria, polydipsia, and the hyperphagia of the insulin-deficient state.
Despite this simple explanation and its experimental support, the observation that intensified insulin treatment to normalize blood glucose levels often causes unwanted weight grain has raised important questions for the insulin hypothesis. The explanation for this excess weight gain is complex and far from complete at the present time. However, in some instances food intake is not excessive during ªtightº control of diabetes [75] . In this setting, it appears that the peripheral anabolic actions of insulin override its ability to suppress intake, with the net effect that weight increases despite lower food intake. Alternatively, recurrent bouts of hypoglycaemia, a powerful stimulus to food intake [76] , may be another important contributor to this excess weight gain, since clinical hypoglycaemia is increased by at least a factor of three when intensified insulin treatment is used [75] . Thus, hypoglycaemia may override the suppressive CNS effect of insulin on food intake, and could rapidly expand adipose stores when combined with insulin's anabolic effect in peripheral tissues.
Insulin, adiposity and diabetes
This effect of insulin in the brain to suppress food intake has important implications for the effect of an increase in body adiposity to cause insulin resistance. The relationship between the size of the fat deposits and the development of insulin resistance is complex. Thus, deposits of the male or central pattern are associated with greater insulin resistance than deposits in the female or peripheral sites, particularly the lower body or buttock [77, 78] 82] . The number of obesity loci identified is large and growing [83] , and therefore it is likely to be multifactorial. Intra-abdominal fat seems to be particularly important [84] . How this variation in fat deposition relates to longterm body weight regulation is not well understood, but we have found that insulin levels seem to correlate primarily with insulin resistance, i. e. abdominal fat [85, 86] , while plasma leptin correlates better with total fat mass [86] . Therefore, other peripheral signals (i. e. cortisol) are likely to be involved when body weight stabilizes in individual subjects. Furthermore, the likelihood of diabetes appears to be related more to insulin resistance and intra-abdominal fat than total fat mass per se [84] . One consequence of the development of insulin resistance during an increase in adipose mass, therefore, would be to increase plasma insulin levels, and potentially create a stronger satiety signal to the brain to limit further weight gain. This concept conflicts with the proposal that insulin resistance and hyperinsulinaemia are primary causes for the development of obesity and it has important implications for understanding the relationship between obesity, and Type II diabetes. In one of the variants of the ªthrifty genotypeº hypothesis originally proposed by Neel [87] , insulin hypersecretion and insulin resistance were perceived as conferring a survival advantage during early human evolution by increasing the efficiency of fat storage. This hypothesized survival benefit of efficient calorie storage in a population of austere hunter-gatherers was proposed to be maladaptive in a modern society where food shortages no longer are prevalent. The consequence is progressive obesity that eventually causes Type II diabetes. This sequence of events was suggested to account for the high prevalence of obesity and diabetes in the Pima Indians of Southwestern Arizona.
However, two recent studies conducted on Pima Indians do not support this hypothesis. In one, it was found that insulin resistance did not predict future weight gain [88] . In contrast, the most insulin-sensitive, non-diabetic members of the population tended to gain the most weight when followed over time. In the second study, reduced insulin secretion in response to intravenous glucose, oral glucose, or to a meal was associated with an increased risk for weight gain in subjects with normal glucose tolerance followed-up for 3.5 years [89] . Thus, increased insulin sensitivity and decreased insulin secretion appeared to be risk factors for weight gain in this population. Considering the effect of CNS insulin to lower food intake, we postulate that any reduction in insulin secretion would contribute to increased food intake because of the reduced satiety. Since this population as a whole is obese and hyperinsulinaemic, the failure of hyperinsulinaemia to prevent obesity suggests that the thrifty genotype confers resistance to CNS insulin action.
In the setting of reduced food availability, the acquisition of CNS insulin resistance might be the factor that confers survival advantage by promoting increased caloric intake and storage. However, according to this model, while affected individuals would be predisposed to obesity upon transition to a modern society, those who secrete relatively large amounts of insulin would be predicted to achieve a steady-state of energy balance sooner than those with relatively reduced insulin secretion. Thus, everyone in the population would be obese and hyperinsulinaemic, but those with impaired insulin secretion would gain more weight, be the most obese, and be predisposed to developing diabetes [5] .
This concept of resistance to long-term body weight signals as a mechanism for obesity has received considerable attention recently. Such a mechanism underlies the obesity of the db/db mouse and the fa/fa rat, both of which have defects in the leptin receptor as a mechanism for their leptin resistance and obesity [54] . Should minor defects in signalling by CNS adiposity signals be prevalent in a population, this might be an important cause of obesity.
If mild insulin secretory defects were also present, they might be of survival value to a population subsisting on marginal food resources. Such a combination of ªdefectsº could theoretically have been selected for as components of the thrifty genotype. The limited food availability in such primitive conditions would preclude the possibility of great excess in weight in many individuals, thus preventing this relatively mild insulin secretory defect from being expressed as clinical hyperglycaemia or having a selective disadvantage and being eliminated from the population.
We have described a variant in the promoter of the gene encoding beta-cell glucokinase, the high K m enzyme that phosphorylates glucose [90] . This promoter variant is associated with a mild impairment in insulin secretion and an increased frequency of impaired glucose tolerance in a population of Japanese-Americans in whom the incidence of diabetes is markedly increased compared with their genetically similar relatives in Japan [91, 92] . This population is also predisposed to central adiposity when consuming a ªWesternº diet. Impaired insulin secretion and insulin resistance have both been shown to be risk factors for the development of glucose intolerance and intraabdominal fat accumulation in this population. For reasons that are still not clear, this combination of events then predisposes to late beta-cell failure and clinical diabetes mellitus. We have hypothesized that this latter event may be independent and related to the deposition of pancreatic amyloid [93, 94] .
Based on this analysis, we hypothesize that reduced CNS responsiveness to adiposity signals is a potential cause of genetic obesity in human populations. When these defects coexist with genetic defects that lead to impaired insulin secretion, affected individuals would be strongly predisposed both to obesity and to the development of Type II diabetes.
Leptin
The identification of the obese gene (ob) by positional cloning [95] represents a major development in the understanding of body weight regulation. This gene encodes a 146 amino acid protein, termed leptin, which appears to be produced mainly by adipocytes [96] . Defective production of this molecule is the cause of the obesity of the ob/ob mouse, whose entire syndrome of hyperphagia, impaired reproduction, decreased thermogenesis, diabetes, and reduced growth is reversed by treatment with the missing protein. In June 1997, the first human child with a homozygous mutation of the ob gene leading to leptin deficiency was reported [97] . This apparently rare mutation was associated with normal birth weight and progressive obesity, supporting a critical role for leptin in human body adiposity regulation. Leptin circulates at concentrations which are directly proportional to body adiposity in animals [98, 99] and in man [98, 100±103] , and correlates better with total adipose mass than with insulin sensitivity [86, 104] , although it is related to both. Circulating leptin levels are higher in females than males even after controlling for adipose mass or percent body fat [104±106], but this difference does not appear to require the continuous presence of oestrogen, since levels are comparable between pre-and post-menopausal women [107] . Leptin is present in CSF at levels that, like insulin, are relatively low (i. e. less than 10 % of the plasma concentration) [108] . The CSF-to-plasma leptin ratio (a measure of CSF uptake efficiency) declines with increasing plasma levels consistent with a saturable uptake mechanism similar to that for insulin.
Leptin binding sites are particularly abundant in the choroid plexus (like insulin binding sites) but are relatively scarce in the hypothalamus [109, 110] . The leptin receptor gene has been cloned and sequenced and its mRNA is expressed in the choroid plexus, hypothalamus, hippocampus, and in some peripheral tissues [110, 111] (Fig. 4) . It is a member of the class 1 family of cytokine receptors, without intrinsic tyrosine kinase activity. There are multiple splice variants of the leptin receptor, in which the C-terminal portion of the molecule, contained entirely within the cytoplasm, varies in its length [112] . Early studies demonstrated non-specific expression of receptor mRNA in mouse arcuate NPY neurons [113] . However, the major form expressed in the hypothalamus [54, 114] in neurons involved in body weight regulation [115±117] has a 303 amino acid cytoplasmic tail. This ªlong formª of the receptor is 100 % homologous to several short forms of the receptor, from the N-terminus to an alternate splice site after lys 889 . The major expressed ªshort formº of the receptor in the choroid plexus and outside the brain has a different 34 amino acid cytoplasmic tail. Janus kinase (JAK) binding sites [118] are present in the C-terminal region of the long form of the receptor and when this form is expressed in vitro in COS cells, activation of the transcription factors STAT-3 and STAT-5 can be demonstrated in response to leptin binding to its receptor [119, 120] . This has led to the hypothesis that the choroid plexus leptin receptor functions primarily in leptin transport or degradation, although dynamic studies of leptin uptake have not been performed. If the transport system into the CNS is analogous to that for insulin, which is likely based on the very low CSF levels, choroid plexus leptin receptors may be more important for preventing access of leptin to CSF or metabolizing CSF leptin than for mediating its uptake from plasma. We speculate, therefore, that leptin uptake into brain is more likely to occur across the blood-brain barrier endothelium via a receptormediated mechanism similar to that for insulin. Supporting this concept is the report that endothelial leptin receptors were recently identified in blood-brain barrier capillaries isolated from human brain tissue [121] , and saturable leptin transport across the blood-brain barrier was recently reported in a rat model [122] . Mutations of the leptin receptor are responsible for the obese phenotype of the db/db mouse and the fa/fa rat [54]; the former reflecting and several different ªshort formsº that have a truncated cytoplasmic tail. The short form shown here (894 aa) is the predominant form expressed in most tissues except the brain, which expresses mainly the long form. The first C-terminal 889 amino acids of both forms are homologous. Beyond the alternate splice site at lys 889 in the intracellular domain, the amino acid sequences are non-homologous. The long form has a C-terminal sequence of 274 amino acids containing two consensus sequences (box 2 and box 3) for activation of Janus kineses (JAKs) and initiation of downstream signalling via STAT3 proteins, leading to altered gene transcription. The short form lacks box 2 and box 3 but has box 1, which is capable of initiating gene transcription via JAK and STAT5B signalling. In the genetically obese db/db mouse, a mutation in the leptin receptor gene produces a premature stop codon in the mRNA transcript at the lys 889 alternative splice site, resulting in synthesis only of truncated receptor that is identical to the short form. Thus, the absence of the long form receptor in the db/db mouse brain results in attenuated leptin signalling, leptin resistance and obesity. The obese Zucker rat (fa/fa) is the result of a mutation leading to a single amino acid substitution (gln 269 ® pro 269 ) in the extracellular domain and greatly reducing the affinity of the receptor for leptin. The amino acid sequences of human and mouse long form leptin receptors are highly homologous in their extracellular (78 %) and intracellular (71 %) domains truncation of the intracellular domain, and the latter due to an extracellular mutation. Both cause defective signalling and leptin resistance [55] . Administration of leptin to ob/ob animals completely reverses the syndrome [123±127], but db/db mice and fa/fa rats are insensitive to leptin [125, 126, 128, 129] . In ob/ob the hypothalamic leptin receptor is overexpressed, and this is reversed by leptin treatment [116, 117] .
Preliminary screens for mutations or variants of the leptin receptor in human obesity have been unrewarding to date, despite the presence of high levels of circulating leptin in most humans with obesity [98, 100±103] . However, a report suggests an association between a leptin receptor variant, obesity, hyperleptinaemia and increased risk of Type II diabetes in Pima Indians [130] . Assuming that leptin is effective at supraphysiological levels in man, as demonstrated by rodent studies in which exogenous leptin administration reduces food intake, increases UCP-1 in brown fat, and reduces body weight [123±129, 131] , it is possible that either reduced leptin signalling or pathologic activation of pathways that oppose leptin (e. g. NPY) may underlie hyperleptinaemia and leptin resistance in many obese humans.
Since leptin-deficient (ob/ob) and resistant (db/ db) mice and rats (fa/fa) also have high insulin levels [132] , it appears that insulin does not compensate for reduced leptin signalling. Consistent with this hypothesis, fa/fa rats fail to suppress food intake or body weight when insulin is infused directly into the brain [61] . Based on the hypothesis that intact leptin signalling is required for CNS responses to insulin, leptin resistance should lead to a condition in which insulin is less effective as a satiety signal. Therefore, it is perhaps not surprising that reducing insulin secretion in animals such as the db/db mouse with streptozotocin treatment produces hyperglycaemia, but no further increase in hyperphagia. In fact, this scenario can lead to significant weight loss, if the caloric loss is severe enough, and there is not a compensatory increase of food intake.
Leptin secretion is sensitive to caloric balance as well as the level of fat mass [114] . Therefore, restriction of food intake or starvation leads to a drop in leptin levels greater than predicted for the reduction in adipose mass. While the mechanisms controlling leptin secretion are not completely understood, leptin expression and secretion appear to be under the control, at least partially, of insulin [133] . Therefore, as expected, insulin-deficient diabetes caused marked reductions of adipocyte leptin mRNA and circulating leptin levels which can be restored to normal with insulin treatment. Despite these responses to insulin deficiency and treatment, circulating leptin levels in man do not parallel insulin levels throughout the 24 h [134] . Rather, plasma leptin levels demonstrate an intrinsic circadian rhythm peaking between midnight and 03.00 hours, and reaching nadir values between 08.00 and 11.00 hours in the morning. This circadian rhythmicity is dependent on the state of energy balance, since the nocturnal rise in leptin is prevented if food is not consumed during the day. Leptin and insulin, therefore, are afferent circulating signals for the CNS regulation of food intake, energy expenditure, and body weight, with each having the ability to modify the secretion and action of the other.
While defects in insulin secretion are well-documented components of both Type I and Type II diabetes, abnormalities in leptin levels are only evident in untreated insulin deficiency. Plasma leptin levels are correlated with body adiposity among patients with Type II diabetes in a manner that cannot be distinguished from non-diabetic subjects [86, 103] . Moreover, while plasma leptin levels are, like fasting insulin levels, inversely associated with the prevailing level of insulin sensitivity [104] , this relationship is dependent on the correlation between body adiposity and leptin levels [86] , while fasting insulin levels are correlated with insulin sensitivity independent of body adiposity [86, 135, 136] . Thus, plasma insulin is related to body fat mass via differences in insulin sensitivity, whereas leptin levels are not. These results indicate that plasma insulin and leptin levels are coupled to body adiposity via different mechanisms.
Regulation of individual meal size and its integration with energy balance
Mechanisms underlying the initiation of meals are not well-understood and meal patterns vary widely from species to species, but all animals eat intermittently. Meal patterns can be easily entrained to environmental cues, such as the time of day or the social situation, making the biological factors that play a role in meal initiation difficult to uncover. In rodents, changes in blood glucose may play a role. There is a small, but statistically significant, drop in plasma glucose just prior to meal initiation [137, 138] , and if the spontaneous meal is prevented, plasma glucose levels revert to normal whether or not the animal actually eats. A subsequent meal will not occur immediately, but will be delayed for some period of time until another small spontaneous decline occurs. If similar small declines of glucose are experimentally induced, they lead to spontaneous meal ingestion [139] . This supports the concept that central recognition of the small decline is important to meal initiation. However, the ªpremealº decline in plasma glucose can be dissociated from meal initiation by vagotomy, a procedure which produces no long-term effect on body adiposity or food intake [140] . Furthermore, preventing the glucose decline by glucose administration or mild chronic hyperglycaemia does not decrease food intake or change meal patterns in normal subjects [68] . This contrasts sharply with the response to more severe hypoglycaemia which is sufficient to activate the sympathetic nervous system. Such hypoglycaemia is a powerful stimulus to eating as an emergency response unrelated to the normal regulation of individual meals or body adiposity [76] . The premeal decrease of glucose has recently been hypothesized to herald an already-initiated eating sequence since the glucose decline is preceded by a small burst of insulin secretion [141, 142] .
Once nutrients are ingested, signals are generated which play an important role in the size of the meal by influencing its duration. Neural signals originating in the tongue, the stomach, the duodenum, and the liver are transmitted to the brain and are an important component of this regulatory system. In addition, peptides secreted by the gastrointestinal tract are important contributors to meal termination. It appears that no single satiety signal is critical and that this is a highly redundant system. Stomach stretch receptors play an important role; however, Gibbs and Smith [143] demonstrated that even when stretch is prevented by a gastric fistula, administration of food into the duodenum still terminates a single meal. They found that the duodenal peptide, cholecystokinin (CCK), could replicate this food effect and over a period of 20 years produced a variety of studies that demonstrate the importance of CCK to meal size in rodents, primates, and humans [144±146]. One important site of action for CCK appears to be receptors on vagal afferent fibres in the gastrointestinal tract, especially in the region of the pylorus [147, 148] . Selective vagal deafferentation markedly attenuates the ability of CCK to reduce meal size [140] , although the CCK effect is not lost completely. CCK is also a brain neuropeptide and, when injected into the CNS, suppresses meal size at a dose that is lower than the effective dose systemically [149, 150] . Thus, there is a central neural system utilizing CCK which produces satiety in addition to the peripheral vagal system which responds to peripheral CCK to regulate meal size.
A number of other peptides also appear to be short-term regulators of meal size. They include glucagon [151] , islet amyloid polypeptide or amylin [152] , GRP (gastric-releasing peptide in the bombesin family) [153] , and enterostatin [154] . Interestingly, each of these is also effective when injected directly into the CNS. Therefore, a family of peptides, some of which are made in the central nervous system in neurons, are also made in the gastrointestinal tract where they bind to receptors on peripheral nerves and produce the same physiologic effect (i. e. suppression of meal size). In the case of CCK, there is substantial evidence that the complete sequence of satiety is induced by the peptide, analogous to that of the ingestion of a meal [144, 155] . This includes reduced food-seeking behaviour and a tendency to groom and then sleep with a lack of a conditioned taste aversion (a measure of anorexia produced by noxious stimuli) [156] . Fewer studies have been done with the other putative satiety peptides, but in the case of glucagonlike peptide-1 (GLP-1) there is some evidence that malaise rather than satiety accounts for the effects on food intake, since a conditioned taste aversion results when this peptide is given centrally [157] . Thus, it is possible that anatomically and functionally distinct central neural systems are activated by each of these peptides which have different roles in the maintenance of the body fuel economy.
Despite the efficacy of circulating CCK to reduce single meal size when injected prior to a meal, and the persistence of its effectiveness over time, CCK is not involved in the regulation of body adiposity. This was revealed by intermittent administration of CCK at every spontaneous meal by a computer-controlled system [158] . After a short period of trivial weight loss, meal frequency increased and exactly compensated so that, although smaller meals were eaten, total daily caloric intake returned to control levels, and body weight did not change further (Fig. 5) . This is very different from the effects of leptin or insulin, and emphasizes the fundamental difference between the regulation of single meals and the regulation of body adiposity. Among the satiety peptides that have been tested, most resemble CCK (i. e. there is very little persistent effect on 24-h food intake when administered in a repeated fashion over a period of time). For insulin and leptin to regulate body weight effectively, however, they are likely to change either meal size or meal frequency. It is our hypothesis that negative CNS feedback signalling in proportion to adipose mass through these molecules ultimately reduces meal size, but via an indirect mechanism. To demonstrate how this might occur, CCK was given either peripherally [159] or centrally [160, 161] when insulin was infused continuously ICV at doses below those necessary to lower food intake or body weight. Under these conditions, a subthreshold dose of insulin was able to augment the effect of exogenous CCK to reduce meal size. Similarly, a subthreshold dose of leptin also augmented the effect of CCK to reduce meal size [162] . Thus, the impact of shortterm satiety signals (e. g. CCK) on the size of a single meal is modulated by long-term controllers of body adiposity, insulin, and leptin. Regardless of the caloric value or density of the food consumed, the size of the meal, the quality of the meal, or its macronutrient content (all of which provide variable neural and hormonal responses to the meal from the gastrointestinal tract), it is hypothesized that ultimately these signals will all be modulated by the long-term body weight regulating system. Through this mechanism, meal size can be adjusted in relationship both to individual nutrients and meal patterns and to the state of energy balance.
Brain neurotransmitters in the regulation of body adiposity
The central neural control systems for the regulation of food intake and energy expenditure are co-ordinated and controlled by neuronal systems converging on the ventral hypothalamus. It has been known for years that lesions in this region produce an increase or a decrease in the regulated weight, depending on the specific site of the lesion [163] . The neural substrate for these responses is complex, since this region is rich in a variety of amines and peptides that influence food intake and energy expenditure. Two nonpeptide systems were the focus of early studies. The catecholamines, norepinephrine, and epinephrine when administered locally into the hypothalamus, have long been known to elicit feeding in satiated animals [164] . This effect has a rapid onset and a short duration, and is largely restricted to the paraventricular region and the VMH [165] . Pharmacological compounds which block a -2 adrenergic receptors oppose this effect [166] . In contrast, stimulation of a -1 and b-1 adrenergic receptors in the hypothalamus reduces food intake, and this observation may explain the anorexic effect of sympathomimetic drugs [167] . Depletion of central norepinephrine from neurons supplying a -2 receptors may also be part of the mechanism for the anorexic action of amphetamines and related drugs. In contrast, administration of serotonin (5-HT) has a suppressive effect on food intake and body weight [168±170]. This effect is particularly potent in the medial hypothalamic areas where endogenous 5-HT has been implicated in the control of food intake. Drugs such as dexfenfluramine, which act by releasing endogenous 5-HT or blocking its reuptake, have been used alone or in combination with amphetamine-like drugs to influence long-term body weight regulation [171] .
How or whether these amine systems interact with insulin and/or leptin has not been studied and is not known. It is possible that the limited efficacy of compounds regulating these amine systems for long-term weight reduction reflects the offsetting consequences of falling leptin and/or insulin levels as weight is lost. These amine systems have been associated with preferential intake of specific macronutrients [166] , and may be particularly important to the regulation of food selection. However, these monoaminergic systems do not seem to be key participants in normal long-term body adiposity regulation. This conclusion is supported by recent studies of mice lacking norepinephrine [172] , in which the consequences for energy homeostasis were quite small.
Several neuropeptides have also been implicated in food intake regulation. However, as with the amines just discussed, many appear to be central effectors of short-term, single-meal control, and are not key effectors that respond to afferent input from long-term body weight regulatory signals. Examples include GLP-1, CCK, the endorphins, bombesin-like peptides, and melanin-concentrating hormone (MCH). GLP-1 [173] , CCK [174] and bombesin [175] have been shown to reduce single meal size, but they are not effective in reducing body adiposity when repeatedly administered to the CNS over time. In addition, GLP-1 was recently shown to induce cfos expression (a marker of neuronal activation) [176, 177] in the brain in a pattern that is similar to the activation pattern found after administration of lithium chloride, a medication associated with anorexia due to illness, as revealed by formation of a conditioned taste aversion. Despite this, neither GLP-1 nor lithium causes a persistent reduction in body adiposity after repeated administration [157] . Thus, malaise may cause satiety via somewhat different central effector pathways than those involved in energy balance. Similarly, both beta endorphin [178] and MCH [179] produce short-term increases of meal size. However, neither peptide causes a sustained in-crease of food intake or produces obesity with chronic ICV administration [180] . Furthermore, the physiologic stimuli for endogenous release of these peptides is not known. Therefore, their potential role in the regulation of caloric intake is uncertain and their lack of persistent effects suggest they are not critical participants in long-term body adiposity regulation.
In contrast, three neuropeptides, NPY [181, 182] , a -MSH [183] and CRH [184] , are implicated in long-term body weight regulation by the CNS. Hypothalamic pathways containing these neuropeptides interact with and are controlled by the three known long-term afferent signals in the control of body adiposity, insulin, leptin, and adrenal steroids [185] (Fig. 6) . While NPY is abundant in the brain and is the primary peptidergic neurotransmitter of the sympathetic nervous system [186] where it is co-localized with norepinephrine, it is also a potent orexigenic compound when administered into the CNS, causing a robust stimulation of food intake in satiated animals. This effect can be demonstrated when NPY is given into the cerebral ventricles [182, 187] , but is particularly robust when injected into the paraventricular nucleus [188, 189] and adjacent sites [190] . In contrast to the amines and other neuropeptides discussed above, daily micro-injection of NPY into the brain causes a persistent increase in meal size and 24-h food intake and animals experience rapid and marked expansion of adipose stores [182] . In addition, NPY given ICV reduces energy expenditure [191] and stimulates insulin and glucocorticoid secretion [187] that predisposes to the storage of fat.
Although NPY is one of the most abundant neuropeptides of the brain, NPY gene expression in the hypothalamic arcuate nucleus is uniquely sensitive to changes in energy balance [192] . Thus, weight loss due to food restriction is a reliable stimulus for hypothalamic NPY gene transcription, peptide synthesis, and peptide release [193, 194] . Since food restriction also lowers circulating insulin [195] and leptin [196] levels, we hypothesized that hypothalamic NPY production is tonically inhibited by these hormones. Therefore, the relationship between NPY synthesis and release was tested in another state of combined insulin and leptin deficiency, severe streptozotocininduced diabetes in a rat model [74] . Diabetes in the rat increases NPY mRNA and NPY peptide [197, 198] , and it can be suppressed in the insulin-deficient animal by peripheral administration of insulin to lower glycaemia [197, 198] , or into the CNS without any effect on glycaemia [75] . Similarly NPY is spontaneously overexpressed in the hypothalamus of leptin-deficient ob/ob mice [199] , and this response attenuated by the administration of leptin [200±202] . A similar suppression of NPY can be observed in normal rodents [201, 203, 204] in association with an increase in brown fat UCP-1 expression [131] .
Despite strong support for the importance of NPY as a central neural effector for the long-term regulation of body adiposity by insulin and leptin, recent studies in an NPY-deficient mouse (NPY ªknock-outº) indicate that this system must be redundant to others [205] . NPY ªknockoutº mice have nearly normal food intake, body weight, and counterregulatory responses to food deprivation. However, in the ob/ ob mouse where leptin is not available, cross-breeding with the NPY ªknockoutº mouse to produce mice with combined leptin and NPY deficiency leads to a substantial reduction of food intake and body adiposity with improvement in metabolic state and neuroendocrine function [206] . This result demonstrates the critical participation of the NPY system when it has been stimulated by leptin deficiency.
Corticotrophin-releasing hormone (CRH) is known to have a regulatory role in the control of the hypothalamic-pituitary-adrenal axis. However, CRH appears also to function as a catabolic CNS effector molecule involved in the regulation of energy balance [184, 207] . This CRH effect involves a reciprocal action to reduce food intake while stimulating activity of the sympathetic nervous system. Thus, CRH effects on energy balance also appear to be mediated within the hypothalamic paraventricular nucleus [184, 207±209] , and are opposite to those of NPY. Moreover, chronic central CRH administration causes sustained reductions of food intake and body weight in normal rats [210, 211] , genetically obese rats [212] , rats made obese by lesions in the VMH [213] , and rhesus monkeys [214] . As expected, the effect of food deprivation and insulin-deficient diabetes to stimulate food intake are both reversed by insulin treatment [74, 215] and associated with increased NPY, and reduced expression of mRNA for CRH in the paraventricular nucleus (PVN) of the rat [74, 216] . Conversely, adrenal insufficiency with its reduced glucocorticoid levels, causes anorexia that is associated with increased CRH expression in the PVN [28, 208] and reduced expression of NPY [217] . This effect has been reproduced by administration of leptin directly into the brain [127] . Therefore, weight loss induced by adrenal insufficiency likely involves the same body weight regulating system that is controlled by insulin and leptin. This anorectic effect of glucocorticoid deficiency may be viewed as a state of enhanced responsiveness to insulin and leptin; indeed, adrenalectomy potentiates anorexia induced by both hormones [218, 219] . This observation suggests that negative feedback in the form of insulin and leptin is tonically modulated by the action of glucocorticoids in the CNS [219, 220] . The effects of adrenal steroids on food intake and body weight are complex because their administration is associated with hyperinsulinaemia and hyperleptinaemia. Thus, the direct central effect of adrenal steroids to increase NPY mRNA while reducing CRH mRNA may be constrained by opposing indirect peripheral effects of increased steroids on insulin and leptin to regulate these same neuropeptide systems. This concept has been tested by administering variable doses of adrenal steroids to insulin-deficient (and leptin-deficient) streptozotocin-induced diabetic rats [221] . In these animals, glucocorticoids cause a dose-dependent increase in NPY synthesis, and decrease in CRH expression [222] , with stimulation of food intake behaviour when insulin levels remain low. This effect is not observed in non-diabetic controls that increase insulin levels in parallel with the level of glucocorticoids. Because hyperphagic refeeding can also be restored in fasted adrenalectomized rats by glucocorticoid administration directly into the brain [223] , it appears that the effect of insulindeficiency to stimulate hypothalamic NPY and suppress CRH gene expression and increase food intake is sensitive to direct effects of glucosteroids in the brain. Thus, the ability of adrenalectomy to reverse the hyperphagia and weight gain of experimental obesity in most rodent models [224, 225] may be explained by steroid interaction with the long-term body weight regulating system [226] controlled by leptin and insulin through CNS neural effectors such as NPY and CRH [227] .
Another neuropeptide system recently recognized as critical to the regulation of body adiposity is the hypothalamic melanocortin system containing a -MSH, a product of the POMC gene expressed by neurons of the arcuate nucleus. A natural antagonist of a -MSH melanocortin receptors (known as agouti protein) produces obesity when overexpressed in the central nervous system of A y yellow obese mice (the agouti mouse) [183, 228] . One type of predominantly neural melanocortin receptor known to bind MSH, the MC-4 receptor, was ªknocked outº [228] . The phenotype of this ªknockoutº mouse is characterized by persistent hyperphagia and a marked increase in body adiposity. Such a finding suggests that tonic stimulation of the a MSH/MC-4 receptor system in the brain is necessary to maintain normal body adiposity.
Obesity and Type II diabetes: a shared pathophysiology?
The complex interactions of the central controllers for long-term body adiposity and their regulation by afferent hormonal signals, are making it clear that the neural substrates upon which carbohydrate metabolism and body weight regulation act overlap with one another. It is this overlap which we believe leads to a tendency for these two disorders to occur together. At their simplest, reduction of insulin and leptin secretion, blood-brain barrier transport, or neuronal responsiveness should lead to an increase in caloric intake and storage. When these two phenomena occur simultaneously, the most obese individual would be the most hyperglycaemic. Thus, it is our general hypothesis that diabetes and obesity, the odd couple, occur together because carbohydrate metabolism and body weight regulation utilize common afferent and central signalling mechanisms.
The mutual interdependence of physiological systems responsible for stability of blood glucose and of body adiposity is perhaps best demonstrated by the consequences of insulin deficiency. In peripheral tissues, severe insulin deficiency leads to unrestrained hepatic glucose production and impaired insulin stimulated glucose uptake and consequently, to marked hyperglycaemia. When circulating glucose levels exceed the renal threshold, glycosuria ensues, and ingested calories are lost from the body. The effect of insulin deficiency to reduce lipoprotein lipase activity [229±231] and to activate hormone-sensitive lipase in adipose tissue leads to unrestrained hydrolysis of adipocyte triglyceride, the inability to store ingested calories as fat, and the consequent depletion of fat stores. Leptin synthesis and secretion also decline sharply, causing systemic leptin deficiency. This combination of insulin and leptin deficiency is detected by the brain as characteristic of starvation, and the hypothalamus responds with increased NPY signalling and decreased CRH signalling. Consequently, food intake increases while sympathetic activation of brown adipose tissue decreases, in a futile effort to restore positive energy balance. Thus, the deficiency of a single hormone, insulin, leads to disturbances in the homeostasis of both the blood glucose level and fat stores.
Animals suffering from severe leptin deficiency or leptin resistance experience a different disturbance of energy balance and glucose homeostasis, charac-terized by unrestrained activation of anabolic signalling systems in the hypothalamus in the presence of marked hyperinsulinaemia [132] . This observation led to the hypothesis that insulin action in the hypothalamus is ineffective in the absence of leptin signalling. Consistent with this hypothesis, the obese, fa/fa Zucker rat reduces neither food intake [61] nor hypothalamic NPY gene expression in response to ICV insulin administration [232] . This finding directly supports the conclusion that insulin action in the hypothalamus requires leptin signalling since obesity in these animals results from a mutation in the leptin receptor [54, 55] . The combination of impaired signalling from both leptin and insulin leads to hypothalamic responses similar to those in uncontrolled diabetes, e. g. unrestrained activation of CNS anabolic effector systems and hyperphagia. In contrast to the insulin-deficient diabetic animal, however, circulating insulin is very high and readily promotes fat storage. Extreme obesity is therefore the ultimate outcome. Since NPY acting in the hypothalamus reduces insulin sensitivity in skeletal muscle [233] , unrestrained activation of the NPY system in this setting also exacerbates systemic insulin resistance and hyperinsulinaemia. As obesity progresses, insulin resistance becomes more severe, and carbohydrate intolerance ensues despite markedly elevated circulating insulin levels. Thus, like insulin deficiency diabetes, defective leptin signalling in the fa/fa rat results in a severe phenotype characterized by hyperphagia and obesity with mild hyperglycaemia.
Critical evidence in support of this sequence was provided by Erickson and colleagues [206] who demonstrated that both the obesity syndrome and the disturbance of glucose homeostasis of ob/ob mice are attenuated by genetic deficiency of NPY. Therefore, the consequence of leptin deficiency to cause both carbohydrate intolerance and excessive fat storage, appears to be dependent in part on NPY signalling within the brain which has become insensitive to insulin. In other words, leptin production by the adipocyte is critically dependent on insulin and insulin action in the brain is critically dependent on leptin.
This interdependence of signalling systems takes on greater importance when one considers the hypothetical example of an individual with a less severe defect in CNS leptin signalling. Such an individual with a 50 % reduction in the CNS response to the circulating leptin signal could have a defect at the level of leptin transport into the CNS, expression of leptin receptors, neuronal production of second messengers in response to leptin binding, or the ability to activate downstream mediators. In this setting, one predicts that a steady-state of energy balance would require twice the normal levels of leptin. Moreover, the hypothesis that CNS insulin signalling requires leptin signalling suggests that an increase in circulating insulin levels may also be required for normal CNS insulin responses. Such an individual should have increased signalling mediated by hypothalamic anabolic pathways, which increases food intake, promotes obesity, and causes systemic insulin resistance. If an individual also has a genetic defect in insulin secretion such as the glucokinase promoter variant, glucose tolerance may deteriorate progressively as weight gain increases. Therefore, this model predicts that a single, incomplete lesion in CNS leptin signalling would predispose a person to obesity, insulin resistance, and glucose intolerance, despite hyperinsulinaemia. If one has an additional genetic disturbance that limits the ability to mount an appropriate hyperinsulinaemic response, a progressive hyperglycaemia and further weight gain will occur if the insulin signalling defect is mild. The degree of obesity and hyperglycaemia would depend on the relative severity of these two defects.
This model of a common pathogenesis of obesity and Type II diabetes is intended to provide insight into how relatively simple defects in two complex regulatory systems which share signalling molecules can cause progressive disturbances of both energy balance and glucose metabolism in man (Fig. 7) . By now recognizing that both diabetes and obesity, previously considered peripheral metabolic disorders, involve dysfunction of the central nervous system, we anticipate further progress in our understanding of the pathogenesis of these common diseases of regulation. From this knowledge, it is hoped that improved treatment of both disorders will emerge. 
